ABSTRACT: Chronic exposure to high concentrations of arsenic (As) in windblown and vehicle-raised dust from tailings sites in Nova Scotia poses a potential health risk to recreational users of these areas and to nearby residents. The exposure may involve inhalation of dust, as well as oral ingestion of particles. It is important to understand the mineralogy and morphology of As-bearing dust particles in order to evaluate the risk posed by near-surface particulates in As-bearing tailings fields, as this will influence the stability and toxicity of As in the wastes. Optical mineralogy, scanning electron microscopy, electron microprobe, X-ray diffraction, synchrotronbased micro-X-ray diffraction (µXRD) and micro-X-ray absorption near edge structure (µXANES), and sequential leach extractions were applied to tailings samples from three sites in eastern Nova Scotia. Arsenic occurs naturally in these gold deposits mainly in arsenopyrite (FeAsS). In the near-surface material of the tailings fields, sulphide minerals have almost completely oxidized to secondary minerals such as scorodite (FeAsO 4 %2H 2 O) and Ca-Fe arsenates. Iron oxyhydroxides contain variable amounts of As 2 O 5 from trace to 30 wt.% and CaO up to 8 wt.%. The presence of multiple As-hosting solid phases, including relatively soluble Ca-Fe arsenates and Fe oxyhydroxides with adsorbed As has important implications for human health risk assessment and remediation design.
Recent studies of historical gold districts in Nova Scotia by Natural Resources Canada have indicated a significant enrichment of As in the mine tailings, with As concentrations ranging from 9 mg/kg to 31 wt.% As (Parsons et al. 2004) . Encroaching residential development and recreational uses such as dirt-bike and motor vehicle racing are increasing the likelihood of human exposure to As-bearing particulates at mine tailings sites. The particulates may be inhaled into the lungs or ingested into the gastrointestinal system. In the case of recreational users of the sites the exposure may be acute, but in nearby communities, long-term residents may have been exposed to As-bearing dust over many years.
Although the toxicity of As in the dissolved state is known to depend on speciation, the relative toxicity of As-bearing solid compounds, particularly minerals, is less well understood. Studies of orally ingested As have shown that solid-phase As is less bioavailable that As in solution. Bioavailability of As in the solid state is based on many factors including oxidation state, mineralogy, grain size, surface area, and morphological properties (Reeder et al. 2006) . Some soluble forms of As are readily absorbed by the body, whereas less soluble forms are poorly absorbed and are largely excreted in the feces (Naidu & Naidebaum 2003) . In vivo studies of monkeys (Davis et al. 1996; Ruby et al. 1999) have determined that As bioavailability is primarily controlled by dissolution of either the surface-bound As fraction or the exterior portion of individual As-bearing grains rather than complete dissolution of any discrete As mineral phase. Arsenic bioavailability is also constrained by encapsulation in insoluble matrices, and the formation of insoluble alteration rinds that reduce the As-bearing surface area available for dissolution (Davis et al. 1996; Ruby et al. 1999) .
The long-term stability of As in mine tailings depends on the mineral hosts for As. Arsenopyrite is the main host for As in mesothermal lode gold deposits, such as those in Nova Scotia, and is unstable under oxidizing, near-surface conditions (Craw et al. 2003) . Primary As-hosting sulphide minerals may persist under reducing conditions, whereas oxidized forms produced by natural weathering or industrial processing are vulnerable to reductive dissolution and the release of As if conditions change to a more reducing environment (McCreadie et al. 2000; Martin & Pederson 2002; Andrade et al. 2010) . Experiments have shown that the stability of scorodite is sensitive to pH, suggesting that at low pH this mineral may control As concentrations in co-existing water, but at high pH, it has been shown that scorodite dissolves incongruently to form ferrihydrite (Demopoulus 2005; Langmuir et al. 2006) . Arsenic also has a strong adsorptive affinity for various metal-bearing hydroxides, especially for amorphous Fe(III)-hydroxides (Pierce & Moore 1982; Bowell 1994) . Surface complexation or co-precipitation of As with ferric oxyhydroxide is an important control on the mobility of As in many natural systems (e.g. Foster et al. 1998; Rancourt et al. 2001) . Release of adsorbed As in sedimentary basins is thought to be triggered by changes in pH or redox conditions (Smedley & Kinniburgh 2005) .
The objective of this study is to characterize the chemical forms and oxidation state of As in near-surface particulates based on samples from each of three mine-tailings sites that are used for recreational activities. Characterizing the solid phases that contain As in terms of mineral host identity and crystallinity is important because both bioavailability and long-term stability depend on the solid-phase speciation of As. [Bioavailability, applied to human health, is defined as the fraction of an administered dose that reaches the central blood compartment from the gastrointestinal tract (Ruby et al. 1999) .] In other studies, we have shown the influence of multiple As-hosting phases on bioaccessibility based on in vitro tests (Laird et al. 2007; Walker et al. 2009; Meunier et al. 2010) . These experiments demonstrate that the highest As bioaccessibility is associated with the presence of Ca-Fe arsenate. Samples containing As predominantly as arsenopyrite or scorodite have the lowest bioaccessibility (Meunier et al. 2010) .
DESCRIPTION OF FIELD SITES
Three historical gold mines in Nova Scotia were chosen for this study (Fig. 1) . All three sites were active between the 1860s and 1940s and used a combination of mercury amalgamation and cyanidation to extract gold from the crushed ore (Malcolm 1929; Henderson 1935; Roach 1940) . The Montague Gold District (MT) is located on the outskirts of Halifax (44 42.9# N, 63 31.3# W), immediately adjacent to residential areas (Brooks et al. 1982; Dale & Freedman 1982) . At the time of writing, there were new homes being built within 0.5 km of the old mine site. The tailings at Montague are frequently used by local residents for racing off-road vehicles (Fig. 2a) . Tailings in the Goldenville Gold District (GD) are located adjacent to the small community of Goldenville (45 7.3# N, 62 1.0# W), in Guysborough County, NS (Wong et al. 1999) . Of particular concern at this site was the annual Goldenville 4 4 Rally, which was held on the tailings from 1994 to 2005 and attracted hundreds of people from across the Atlantic Provinces each year (Fig. 2b) . The Lower Seal Harbour Gold District (LSH) is located in a relatively sparsely populated area in Guysborough County (45 10.1# N, 61 35.9# W), but off-road vehicle activity on the tailings was still observed during this study.
Arsenic occurs naturally in these gold deposits as arsenopyrite. The milling process used at all three sites was similar, and a <1-2 mm screen was used in the stamp mills to ensure a homogeneous grain size for amalgamation. In the top 0-30 cm of subaerially exposed tailings, much of the sulphide has oxidized over time to secondary minerals in the areas sampled for this study (Fig. 3) . Arsenic concentrations in the nearsurface tailings are variable (Fig. 4 ), but consistently above the Canadian Soil Quality Guideline of 12 mg/kg (CCME 1997). The spatial variability of As reflects both the ore processing and tailings disposal history (Parsons et al. 2010) , and is also a function of the mobilization of As through dissolution and precipitation reactions in the near-surface environment. Field evidence for As mobility and attenuation include: (1) high dissolved As concentrations in surface waters draining from tailings (Parsons et al. 2004) ; (2) scorodite and other secondary precipitates along drainage channels; and (3) cemented layers or hardpans, rich in scorodite, that occur very near the surface or up to one metre below the surface (Smith et al. 2005) .
MATERIALS AND METHODS
At each of the three mine sites, c. 2 kg of tailings were collected with a small shovel from within the top 5 cm of an area c. 30 cm in diameter. The samples chosen were taken from areas actively used for recreational purposes, apparently typical of the tailings in general, and adjacent to the position of our dust sampling device (Corriveau et al. in press) . The sample at MT was taken from an area with several hardpan layers. The samples from GD and LSH were taken from areas without obvious hardpan layers. Sample locations are shown in Figure 4 .
After the samples were air-dried, a portion of each was sieved to obtain the <38 µm fraction, the smallest size fraction that could be easily obtained through dry sieving. Wet sieving was avoided due to the potential loss of soluble As-hosting phases. This fraction was then analysed with a Beckman Coulter LS230 laser diffraction particle size analyzer. Tailings compositions were determined by digesting the bulk and <38 µm fractions in aqua regia for one hour at 95 C, followed by analysis via ICP-MS at ACME Analytical Laboratories Ltd. in North Vancouver, BC. Analyses of duplicate samples and Certified Reference Materials were used to monitor analytical accuracy and precision, which were generally within 5-10% of the expected values for most elements. Epoxy mounts of each sample (one bulk sample and one sieved sample from each site) were made into polished thin sections. This was done without water to prevent the dissolution of soluble secondary phases. The mounts were affixed to glass slides with Krazy glue so that they could be lifted from the slides in an acetone bath in order to conduct synchrotron-based analysis (Walker et al. 2005) . Thin-sections were inspected and photographed under transmitted and reflected light to identify target grains composed of potentially As-bearing phases for further analysis with different micro-beam instruments.
Scanning Electron Microscopy (SEM)
Grain mounts were analysed using an ElectroScan E3 Environmental Scanning Electron Microscope at the Geological Survey of Canada (Atlantic) in Dartmouth, NS, to document tailings grain size and morphology. Energy-dispersive X-ray (EDS) spectroscopy was used to qualitatively identify the major elements in each phase.
Electron probe microanalysis
Electron microprobe analyses of polished thin sections were performed by wavelength dispersive spectrometry (WDS) on the Dalhousie University JEOL 8200 microanalyzer, operated at 15 kV with a beam current of 20 nA. Spot size was set at the minimum of 5 µm and acquisition time was 20 s on the peak and 10 s on the background on each side of the peak. Arsenopyrite (As, Fe, S), CaZr (Ca) and sanidine (Si) were used as calibration standards. Scorodite was used as an analytical standard. Raw data corrections for atomic number, absorption, and fluorescence effects (ZAF) were applied.
Powder X-ray Diffraction (XRD)
A Phillips X-Pert MPD X-ray powder diffractometer with CuK radiation generated at 40 kV and 45 mA was used at Queen's University to identify the major crystalline phases present in all samples. Continuous scans were run from 6 to 70 , over c. 40 minutes.
Micro X-ray Diffraction (µXRD)
Synchrotron analysis was conducted with the hard X-ray microprobe at beamline X26A, at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, New York. A Si(111) monochromator and Kirkpatrick-Baez mirrors were used to achieve a focused beam size of c. 8 µm in diameter. MicroXRD experiments were collected in transmission mode using a BrukerSMART 1500 CCD diffractometer. The incident x-ray beam was tuned to a wavelength of 1.0332 Å and the distance from the sample to the detector was fixed at c. 207 mm. Calibration of the detector was done using SRM 674a diffraction standard -Al 2 O 3 and Ag behenate. Calibrations and corrections for detector distortions (camera-sample distance, the camera tilt and rotation, and the beam center on the camera plane) were done using Fit2D TM software (Hammersley 1998).
Micro X-ray Absorption Near Edge Spectroscopy (µXANES)
All µXANES experiments were collected by scanning through the As K edge (11 867 eV) in fluorescence mode with a Si(Li) detector. Scanning across the absorption edge region (11 800-11 970 eV) was done in 3 segments with a 2-s dwell time by increment. The step increment was 5 eV in the pre-edge region (11 800-11 850 eV), 0.4 eV across the edge (11 850-11 890 eV), and 2 eV in the post-edge region (11 890-11 970 eV). Scorodite, arsenopyrite, and schneiderhonite (Fe O 13 ) standards were chosen to cover a range of oxidation states exhibited by As and were routinely run to correct for shifts in edge position that might occur over time. Each spectrum was normalized to an incident beam flux measured by an upstream ion chamber, pre-edge background corrected at c. 11 840 eV, and then normalized to the edge-step (intensity at c. 11 960 eV). Linear combination fitting was done using WinXAS TM v.2.3 (Ressler et al. 2000) to determine the proportions of various As oxidation states present in the samples. Synchrotron microanalysis was optimized by collecting diffraction data immediately following µXANES analysis on targeted grains (Walker et al. 2005) . This method provides the ability to identify As-hosting minerals that are poorly crystalline, low in abundance and not easily recognizable by conventional methods (Walker et al. 2009 ).
Sequential extraction analysis
Sequential extraction analysis on the <38 µm fraction of tailings from each site was carried out in seven steps (Table 1) at the Geological Survey of Canada (GSC). This method was optimized for identifying the mineral hosts for As, and is described in detail by Hall et al. (in prep.) and Parsons et al. (2010) . Pure samples of arsenopyrite, scorodite, and yukonite (Ca 2 Fe 3 (AsO 4 ) 3 (OH) 4 %4H 2 O) were used to test the selectivity of the various extraction steps. Figure 5 shows grain-size distributions for all three mine sites, based on dry sieving of bulk tailings samples down to 38 µm, and aerodynamic fractionation of particles <38 µm using a cascade impactor air sampler. It should be noted the >500 µm fraction from Montague was composed primarily of cemented aggregates rather than individual grains. These results show that the grain-size distribution from all three sites is similar, and that most grains are between 500 and 125 µm in diameter. Detailed characterization of particulate samples in the inhalable size fractions (i.e. <10 µm) that were collected by a cascade impactor is presented in Corriveau et al. (in press) .
RESULTS
Chemical analysis of the bulk samples following aqua regia digestion indicates that the sample from Montague has much greater concentrations of As than the samples from Goldenville and Lower Seal Harbour (Table 2) . However, extensive sampling of tailings from these sites by Natural Resources Canada (Fig. 4) demonstrates that As concentrations vary widely at all sites and that bulk samples from Goldenville have yielded As concentrations as high as 209,000 mg/kg (Fig. 4b) . Concentrations of other elements such as Hg, Sb, and Tl, are also greater in the Montague sample and these other potentially hazardous elements might also contribute to the risk associated with the tailings (e.g. Cook et al. 2005) . Concentrations of metal(loid)s in the <38 µm fraction are always significantly higher than in the bulk tailings samples from all three sites.
Conventional XRD indicates that the dominant crystalline phases in the tailings are quartz, muscovite, chlorite, and albite, corresponding to the major phases in the host rocks of these lode gold deposits (Smith et al. 2005; Parsons et al. 2010) . Scorodite was identified as a minor component in the <38 µm and hardpan sample from MT. In thin section, it can be seen that the primary sulphide minerals in the Goldenville and Lower Seal Harbour samples are very fine-grained (<50 µm) and include arsenopyrite, pyrite, pyrrhotite, and chalcopyrite; they make up less than 2% by volume of each sample. No sulphide minerals were identified in the Montague sample.
Petrographic analyses show that secondary Fe-As oxides occur as reaction products on sulphide minerals, as rims on silicate minerals, as discrete particles, and as a cement, forming aggregates of variable composition. There is little difference in As mineralogy between the GD and LSH samples examined for this study; however, the MT samples are distinct. Cements and rims on silicate minerals are much more prevalent in the MT samples. This is likely because the MT sample originated from an area close to hardpan which is thought to have formed from intense weathering of arsenopyrite-rich sulphide concentrates (Walker et al. 2009 ). At the other two sample sites, there is a greater diversity of secondary reaction products of sulphide minerals. Rims containing variable concentrations of As, Fe, and Ca on sulphide minerals at GD and LSH are red-brown in colour (Fig. 6) ; Fe-As oxide cements and rims on silicate minerals in the MT samples are yellow-brown in colour and occasionally display colloform banding (Fig. 6) . In Figure 7 , an SEM photograph and corresponding EDS spectra demonstrate an Fe-As phase coating a small silicate grain.
Measurements of absorption edge positions on calibrated bulk and µXANES spectra indicate that nearly all As occurs as As 5+ in the tailing samples. Only one analysis from GD indicates that there is also As 1 present, suggesting that there is a small amount of As in association with remnant sulphides (likely arsenopyrite). Neither the shape of the spectra, nor linear combination fitting procedures with WinXAS indicated the presence of any other oxidation states of As, namely As 3+ . However, if other reduced species are present in the tailings at levels below 10%, they would be difficult to distinguish from the XANES spectra (Foster et al. 1998) . Arsenopyrite and scorodite were the only As-bearing phases to be positively identified by synchrotron-based µXRD. Welldefined Debye-Scherrer powder patterns are observed for several µXRD images of scorodite from MT indicating that the average grain size is small relative to the incident beam (Manceau et al. 2002; Walker et al. 2005) . All scorodite identified in the MT bulk sample was associated with the cement phase; however, the nature of scorodite occurrence in the <38 µm sample is not clear. Due the small grain size of the <38 µm samples it was difficult to locate target grains under the synchrotron beam. In this case, X-ray fluorescence element distribution maps aided in the location of As-rich grains. However, Debye-Scherrer diffraction patterns were not produced at As-rich target spots on these <38 µm samples using the experimental conditions described above. These are likely amorphous hydrous iron arsenates as identified in similar samples from the same site by DeSisto (2008) and Walker et al. (2009) .
Electron microprobe analysis (Table 3) demonstrates that all of the GD and LSH As-bearing phases have a variable amount of Ca associated with them (c. 1.5-8 wt.% CaO). However, with the exception of only one grain, Fe arsenates from the tailings and hardpan at MT contain virtually no Ca (less than 0.2 wt.% CaO). Iron to As molar ratios are also distinctive: nearly all of the MT analyses have Fe/As ratios that plot between 1 and 1.5, whereas the GD and LSH analyses are concentrated in two groups, the first with Fe/As ratios between 1.5 and 4 and the second with Fe/As ratios greater than 4. Element maps (produced using the electron microprobe) of arsenopyrite and an Fe sulphide grain from LSH with alteration rims show the close association of As and Ca and the absence of S in the alteration rims (Fig. 8) . A map from MT shows an amorphous ferric arsenate phase forming a rim and filling in the cracks of a silicate grain (Fig. 8) . Figure 9 summarizes sequential extraction results for the <38 µm fraction of each tailings sample. Elemental concentrations for each sample based on aqua regia digestions are provided in Table 2 . The amount of As removed in each step of the sequential extraction procedure did not vary significantly between the GD and LSH samples; however, the MT sample is distinct (Fig. 9a) . The majority of As from GD and LSH (c. 60% and 70%, respectively) was leached during the third step (C), which is designed to dissolve amorphous Fe-oxyhydroxides. The remainder of As from these two sites was removed during the arsenopyrite-like (c. 15-25%) and the crystalline Fe-oxide (c. 6%) leaches; less than 10% was removed during the carbonate and adsorbed/easily exchangeableelements phases. In contrast, c. 55% of the As in the MT sample was removed during the scorodite-like step (E), with the reminder reporting to the amorphous Fe-oxyhydroxide (c. 25%) and crystalline Fe-oxide (c. 20%) steps. Results for the pure mineral standards show that most of the scorodite (c. 90%) and arsenopyrite (c. 95%) reported to the 4M HCl and aqua regia steps, respectively (Fig. 9a) . Approximately 90% of the yukonite reported to the amorphous Fe-oxyhydroxide step, with most of the remaining 10% reporting to the crystalline Fe-oxide leach (Hall et al., in prep.) .
Calcium release during each step of the sequential extraction varied amongst all three samples (Fig. 9b) amount of Ca leached in the adsorbed/easily exchangeable elements phase decreased from GD to LSH to MT (63, 37, and 10%, respectively), while the amount of Ca leached in the amorphous Fe-oxyhydroxide step increased (23, 41, and 68%). The latter trend is likely related to the presence of yukonite (or other Ca-Fe arsenates) in these samples, as suggested by the EMPA results discussed below. Most of the Ca originally present in these tailings samples is thought to have originated from carbonate minerals (e.g. ankerite, Ca(Fe,Mg,Mn)(CO 3 ) 2 ) present in the gold ore, but no carbonates were identified in the tailings samples suggesting that these minerals have dissolved during weathering reactions. The amount of Fe removed in each step of the sequential extraction was more consistent between the three sites (Fig. 9c) . Between 30 and 55% of Fe was removed during the amorphous Fe-oxyhydroxide and crystalline Fe-oxide phases. All three samples also show significant amounts of Fe being leached during the 4M HCl step, which was designed to identify As release from scorodite (Hall et al., in prep.) . As scorodite was not identified in the GD and LSH samples using other methods, this suggests that another mineral with a solubility similar to that of scorodite is releasing Fe during this step of the sequential extraction.
Sequential extraction results indicate that most sulfur (S) in the GD and LSH samples is hosted in sulphide minearals (73% and 63%, respectively). In the MT sample, S is distributed amongst a variety of Fe-oxides and arsenate minerals, consistent with the EMPA data shown in Table 3 . Results for the scorodite standard suggest that this sample also contains a trace of sulphide minerals. The scorodite standard was collected near a stamp mill foundation at Goldenville, and XRD data have confirmed that this sample does indeed contain a trace of arsenopyrite.
DISCUSSION
Theoretical Fe/As molar ratios for the common arsenate minerals (e.g. scorodite, kankite (FeAsO 4 %3.5H 2 O), yukonite) are between 1 and 1.5. Based on saturation levels determined by Fuller et al. (1993) , the maximum As concentrations absorbed onto Fe oxyhydroxides during coprecipitation correspond to a Fe/As molar ratio of c. 1.5, and for adsorption following Fe oxyhydroxide precipitation, a molar ratio of 4. Therefore, As from the MT samples appears to be bound primarily in Fe arsenate minerals, including crystalline scorodite and at least one other phase.
The ratios of Fe to As in the MT samples deviate from the 1:1 stoichiometric Fe/As ratio for pure scorodite. Even target locations that were identified as scorodite by µXRD have Fe/As ratios ranging from 0.79 to 1.30 according to electron microprobe analysis. The SO 4 and SiO 2 contents are also relatively high in some of these samples (Table 3) 3 . The well-defined Debye-Scherrer rings obtained for scorodite by µXRD demonstrate that this phase is composed of an assemblage of nanocrystals significantly smaller than the beam diameter of c. 8 µm. When Utsunomiya et al. (2003) studied the nanoscale mineralogy of As in a region of New Hampshire, they found that element concentrations were quite heterogeneous at the nanoscale and that assemblages of As-bearing nanocrystals could also contain a variety of other minerals and amorphous phases. Therefore, it is possible that some of the SiO 2 , and more likely SO 4 , have been incorporated into the structure of the ferric arsenate mineral; however, the higher Fe, Si and S contents could also be due to the influence of adjacent silicate or remnant sulphide grains.
Other Fe-rich secondary phases from GD and LSH contain As 2 O 5 and CaO concentrations ranging from trace to 30 wt.% and 1.5 to 8 wt.%, respectively (Table 3) . Like As 2 O 5 , CaO variation correlates negatively with Fe 2 O 3 and the CaO vs. As 2 O 5 plot shows most of these Fe-rich phases grouping in an array pointing towards, but not reaching, yukonite composition (Fig. 11) , possibly due to low totals in the electron microprobe analyses as a result of porous grains. Paktunc et al. (2004) published an extended X-ray absorption fine structure (EXAFS) study on similar As-and Ca-rich tailings samples from the Ketza River mine in Yukon, Canada. They originally considered that Ca occurred as an adsorbed species on Fe (III) oxyhydroxide surfaces. However, the presence of Ca atoms around As in Fe (III) oxyhydroxides as indicated by micro-EXAFS spectroscopy, as well as Ca-As interatomic distances similar to arsenosiderite (Ca 2 Fe 3 (AsO 4 ) 3 O 2 %3H 2 O) and yukonite model specimens suggest that Fe (III) oxyhydroxides with high As and Ca concentrations probably represent clusters of Fe (III) oxyhydroxide nanoparticles, coprecipitated with arsenates. For the present study, the presence of a Ca-Fe arsenate coprecipitate would also explain the strong As-Ca correlations in Fe (III) oxyhydroxides (Fig. 11) . Yukonite has been observed in other gold mine tailing samples from Nova Scotia using synchrotronbased µXRD with higher beam energy than that used in this study (Walker et al. 2009 ).
The secondary As-bearing phases analysed by EMPA in this study have been divided into three groups (Table 3 and Figures 10 and 11): (1) Scorodite and hydrous ferric arsenate; (2) Ca-Fe arsenates; and (3) mixtures of As-bearing Fe oxyhydroxides and Ca-Fe arsenates. The Ca content and Fe:As molar ratio were used to separate Groups 2 and 3 according to Paktunc et al. 2004 ) and the nomenclature is consistent with Walker et al. 2009 ).
Long-term stability of As in mine tailings
Scorodite, which is one of the secondary minerals identified in these samples, occurs as a secondary product of arsenopyrite weathering. Its relatively low solubility has been proposed as a limit for the concentration of dissolved As in mine drainage at several sites (Dove & Rimstidt 1985; Krause & Ettel 1989; Craw et al. 2001; Demopoulos 2005; Langmuir et al. 2006; Haffert & Craw 2008) . According to Dove & Rimstidt (1985) and Krause & Ettel (1989) , scorodite solubility increases with pH (above pH 4) and under most natural conditions, scorodite is metastable and over time is expected to dissolve incongruently to form Fe(III) oxyhydroxide with adsorbed arsenate and aqueous arsenate (Walker et al. 2009 ). Amorphous Fe arsenate occurs throughout the Montague tailings, and is considered 100 times more soluble than crystalline scorodite (Krause & Ettel 1989) . However, Craw et al. (2001) demonstrated that the formation of scorodite slowed the release of As into the environment and kept dissolved As levels near 1 mg/l at pH values of c. 6, similar to values measured in the surface water at the three sites in this study (Wong et al. 1999; DeSisto 2008) . The fact that over half of the As in the MT tailings is not extracted until leached with 4 M HCl (Fig. 9a ) also suggests that scorodite in these tailings is not particularly soluble under weathering conditions in the field.
Most of the As in the GD and LSH samples appears to be stored in Ca-Fe arsenate and As-bearing Fe oxyhydroxide. The stability of range in composition of yukonite is not well understood. Walker et al. (2009) reported that weaklydiffracting yukonite and amorphous Ca-Fe arsenate minerals may occur in carbonate-buffered tailings where there is sufficient Ca released from carbonate dissolution. Amorphous or poorly crystalline As-bearing Fe oxyhydroxides may re-crystallize to more stable phases and desorb As (Fuller et al. 1993; Waychunas et al. 1993) . However, Rancourt et al. (2001) have shown that adsorbed As actually stabilizes the structure of (Fig. 9) . The fact that some of the As-bearing phases identified in the tailings are nanocrystalline is also significant. Because dissolution rates of minerals are generally proportional to the reactive surface area, nanoparticles may exhibit modified phase-stability relationships and different reaction-kinetics than their microscopic or macroscopic equivalents (Navrotsky 2001).
CONCLUSIONS
The predominant As-bearing minerals present in tailings from the Montague, Goldenville, and Lower Seal Harbour gold districts in Nova Scotia are: arsenopyrite; crystalline (including nanocrystalline) scorodite; an amorphous Fe arsenate phase; Fe oxyhydroxides with variable As 2 O 5 and CaO concentrations (up to 30 and 8%, respectively); and a Ca-Fe arsenate phase that has been coprecipitated with some of the Fe oxyhydroxides. This is consistent with the study of Walker et al. (2009) which examined a larger suite of near-surface tailings from gold mine sites in Nova Scotia, although those authors also identified trace amounts of schwertmannite, tooeleite, As-bearing jarosite and realgar. Whereas crystalline scorodite and Fe oxyhydroxides with Fe:As molar ratios greater than 4 may be considered relatively stable over the long term, depending on environmental conditions, the presence of highly soluble amorphous Fe and Ca-Fe arsenate minerals and relatively unstable Fe oxyhydroxides with Fe:As ratios less than 4 suggest that As will continue to be mobile in the tailings environment. These less stable and more soluble components of the tailings are also more likely to be bioavailable and may pose a human health risk to those living near, or participating in recreational activities on, the tailings (Laird et al. 2007; Meunier et al. 2010) .
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